Introduction
A striking feature of the vertebrate retina is its distinct laminar organization. Cells in the three cellular layers have been extensively characterized on the basis of their morphological, functional, and molecular properties, and sound estimates for the total number of cell types present in the mammalian retina have been provided recently (Masland and Raviola, 2000) . To attain their layer-specific distribution patterns, newborn neurons must migrate from the proliferative zone of the inner retina to their appropriate laminar destination. Unlike the temporal sequence that has been delineated in the other layered structures of the brain, the pattern of cell generation in the retina does not follow a spatially dependent order. Thus, ganglion cells and photoreceptors are generated during similar developmental periods (Morest, 1970; Barnstable et al., 1988; Treisman et al., 1988; Watanabe and Raff, 1990; Reese and Colello, 1992) . Moreover, compared with other brain structures, our understanding of the mechanisms underlying cell migration in the developing retina is still rudimentary, but Müller cells as well as cell-to-cell interactions have been implicated in this process (Altshuler and Cepko, 1992; Reh, 1992; Wong and Godinho, 2003) .
A cell marker that has proven particularly effective for studying the developing retina is recoverin, a 23 kDa calcium-binding protein originally purified from bovine rod outer segments (Dizhoor et al., 1991; Lambrecht and Koch, 1992) . The antirecoverin antibody labels cone and rod photoreceptors (Dizhoor et al., 1991; Korf et al., 1992; Milam et al., 1993; Wiechmann and Hammarback, 1993; Grunert et al., 1994; Johnson et al., 1999) as well as ON and OFF cone bipolar cells (Milam et al., 1993; Miller et al., 1999; Günhan-Agar et al., 2000; Günhan et al., 2002) . Somas and processes are recognized by the anti-recoverin antibody at a relatively early stage of development, even before neurons have begun their migration. This has made it feasible to use recoverin as a marker to assess the development of photoreceptors (Johnson et al., 1999) as well as ON and OFF cone bipolar cells (Miller et al., 1999; Günhan-Agar et al., 2000) . Recoverin or its mRNA also has been localized in a small number of cells in the ganglion cell layer of several different species (Stepanik et al., 1993; Wiechmann and Hammarback, 1993; McGinnis et al., 1999; Günhan-Agar et al., 2000) , including the human retina (Yan and Wiechmann, 1997) . Neither the origin nor the identity of these recoverin-positive cells has been established, although it has been commonly assumed that these represent a subclass of ganglion cells and displaced amacrine cells.
In the present study, we provide evidence that the recoverinpositive cells in the ganglion cell layer are composed of two distinct populations: photoreceptors and cone bipolar cells. The photoreceptors survive in the ganglion cell layer for only a short time, being eliminated by the first postnatal week. In contrast, a significant number of cone bipolar cells remain in the ganglion cell layer into maturity, although the majority of these cells are also lost during postnatal development. Thus, in addition to gan-glion cells and displaced amacrine cells, the ganglion cell layer of the mature retina contains displaced bipolar cells.
Materials and Methods
Animals and tissue preparation. Timed-pregnant and adult Long-Evans rats were obtained from Charles River Laboratories (New York, NY). The animals were housed and bred in accordance with University of California guidelines for the use of laboratory animals. The animals were killed by a lethal injection of sodium pentobarbital (0.6 mg/kg body weight, i.p.) at time points ranging from the day of birth [postnatal day 0 (P0)] to adult. The eyecups were removed from the embryos, hemisected, and fixed in 4% paraformaldehyde (PFA) for 1 hr. Postnatal animals were perfused transcardially with PBS followed by 4% PFA. The eyecups were removed, hemisected, and postfixed with 4% PFA for 30 min. The tissue was then immersed in 25% sucrose solution and embedded in tissue freezing medium (Tissue Tek, Torrance, CA), and 10 -12 m sections were made using a Leica (Bannockburn, IL) 1900 cryostat. The sections were mounted on poly-L-lysine-coated slides (Sigma, St Louis, MO) and kept frozen.
For the whole-mount preparations, a suture was placed in the connective tissue to mark the temporal edge before enucleation. After the retina was removed, a radial cut was made at the site of the suture and additional radial cuts were made to facilitate flattening.
To deplete retinal ganglion cells, a unilateral transection of the optic nerve was performed at P0 or P1. For this purpose, the pups were anesthetized by hypothermia and the frontal cortex and optic nerve were aspirated under visual control.
Antibodies. Photoreceptors, two types of cone bipolar cells, and some cells in the ganglion cell layer were labeled with a rabbit polyclonal antibody to recoverin (1:500 -1:2500; a gift from Dr. Alexander Dizhoor Wayne State University, Detroit, MI). Rod photoreceptors were also labeled with a monoclonal antibody to rhodopsin (10 g/ml; Chemicon, Temecula, CA). The immunogen was prepared using adult rat retina; this antibody reacts with a protein of 39 kDa identified as rhodopsin. Horizontal cells were stained with a monoclonal antibody to calbindin (1: 1000; Sigma). A subpopulation of cone bipolar cells was identified with anti-G o antibody (10 g/ml; Chemicon). Rod bipolar cells were stained with a monoclonal protein kinase C (PKC) antibody (1:10; Amersham Biosciences, Piscataway, NJ). AII amacrine cells were identified with a monoclonal antibody to parvalbumin (1:2000; Sigma). Dopaminergic amacrine cells were labeled using a polyclonal antibody to tyrosine hydroxylase (TH) (1:500, Chemicon), and cholinergic cells were labeled with antivesicular acetylcholine transporter (VAChT; 1:2500) or anticholine acetyl transferase (ChAT; 1:50) antibodies (Chemicon). A monoclonal vimentin antibody was used to identify Müller cells (1:500; Dako, Carpinteria, CA).
Immunohistochemistry. Retinal sections were incubated in blocking solution containing 10% normal serum, 2% bovine serum albumin, and 0.3% Triton X-100 in PBS for 1 hr at room temperature (RT). Primary antibodies were diluted in blocking solution, and the sections were incubated in the primary antibody solution overnight at 4°C. Primary antibody incubation was omitted for control slides. After several washes with PBS, the sections were incubated with fluorescent secondary antibodies (1:500; Jackson ImmunoResearch, West Grove, PA; 3 g/ml, Molecular Probes, Eugene, OR) diluted in PBS for 1 hr at RT, washed three times with PBS, and coverslipped with Vectashield mounting media (Vector Laboratories, Burlingame, CA). Other sections were incubated with biotinylated secondary antibodies (1:500; Jackson ImmunoResearch) for 1 hr at RT. After several washes with PBS, tissues were incubated for 1 hr in the Vectastain Elite ABC Kit (Vector Laboratories), and peroxidase was visualized with a 0.5 mg/ml diaminobenzidine (DAB) solution in the presence of H 2 O 2 . After final washes, the slides were coverslipped with Vectamount (Vector Laboratories). For double-labeling, sections were incubated in a mixture of two primary antibodies, rinsed with PBS, and incubated in a mixture of two secondary-antibody-conjugated fluorochromes that have different excitation ranges.
For retinal whole-mount processing, the dissected retina was washed in PBS, placed in 25% sucrose solution, and alternately frozen and thawed three times. The tissue was then placed on a glass slide, ganglion cell layer down, treated for endogenous peroxidase with 0.6% H 2 O 2 for 30 min, and then washed thoroughly in PBS. Anti-recoverin antibody was diluted 1:500 in blocking solution. The tissue was incubated in the primary antibody at 4°C for 5 d in younger animals and for up to 7 d in adults. The retina was then washed in PBS, placed in biotinylated goat anti-rabbit secondary antibody diluted 1:300, and incubated for 3 d at 4°C. After washing in PBS, the retina was incubated with ABC solution (Vector Laboratories) overnight at 4°C and then treated with a 0.5 mg/ml DAB solution in the presence of H 2 O 2 for 5-10 min. The retina was then coverslipped with Vectashield mounting media (Vector Laboratories).
Imaging. Confocal images for immunofluorescence were acquired by an Olympus Optical (Tokyo, Japan) upright confocal microscope equipped with an argon-krypton laser in the epifluorescence-confocal mode. A stack of images along the z-axis (0.2-2 m steps) was collected for each slide. Bright-field photomicrographs were taken by a digital camera (Optronics International, Chelmsford, MA) attached to a Nikon (Tokyo, Japan) eclipse E600 microscope and viewed by differential interference contrast optics.
Statistical analysis. Recoverin-positive cells in the ganglion cell layer were counted using two different methods. In two postnatal retinas (P6 and P8), immunopositive cells were counted in retinal whole mounts using methods described previously (White and Chalupa, 1991; Hutsler and Chalupa, 1995) . Briefly, a drawing tube mounted to an upright Nikon microscope was used to create a drawing of the flattened retina, and every immunopositive cell was counted and its locus marked by a dot on the retinal whole-mount drawing. The number of dots in each retina was then counted to obtain an estimate of the total number of recoverinpositive cells. It was problematic to obtain complete labeling of cells in whole-mounted adult retinas. To circumvent this problem, counts were made in sections of the adult retina using the optical volume fractionator method (Gundersen et al., 1988a,b; Bolender et al., 1993) . Briefly, 12 m vertical serial sections were obtained from whole hemisected eyes, and every 11th and 12th section was taken and immunostained with recov- erin antibody using peroxidase staining for bright-field microscopy. All of the recoverin-positive cells were counted in the 11th section, and the cells that overlapped in the 11th and 12th sections were subtracted from the total number to avoid double-counting. After these counts were completed, the average number of cells in a single section was calculated and multiplied by the total number of sections to obtain the "unbiased" total number of recoverin-positive cells.
Soma size was measured in P4, P6, P8, P10, and adult whole-mount retinas. Images were captured using a color digital camera (Optronics International) attached to an upright, binocular microscope (Nikon Eclipse E600) using Adobe Photoshop (Adobe Systems, San Jose, CA), and transferred to a Dell computer (Workstation PWS530; Dell Computer Company, Round Rock, TX), where Neurolucida 2000 (MicroBrightField, Inc., Colchester, VT) was used to trace the contours of each soma. NeuroExplorer (MicroBrightField, Inc.) was used to analyze the data, which were then transferred to Microsoft (Seattle, WA) Excel for additional analysis.
Results

Recoverin labeling in the mature rat retina
In the mature retina, recoverin labels two major classes of cells: photoreceptors in the outer nuclear layer as well as ON and OFF cone bipolar cells in the inner nuclear layer (Milam et al., 1993; Euler and Wässle, 1995; Gü nhan-Agar et al., 2000) . 5 and vimentin-recoverin labeling in Fig. 6 of the present study). In the present study counts, of these cells in the ganglion cell layer of two adult rats provided population estimates of 960 such neurons in one retina and 823 in another. Although recoverin-positive neurons have been noted previously in several species (Stepanik et al., 1993; Wiechmann and Hammarback, 1993; Yan and Wiechmann, 1997; McGinnis et al., 1999; Gü nhan-Agar et al., 2000) , their origin and cell class have not been established. In an effort to resolve this issue, we examined recoverin-labeled cells that migrated toward and into the presumptive ganglion cell layer in the developing rat retina. We also sought to establish the identity of these recoverinpositive cells by immunocytochemical markers that label selectively different classes of retinal neurons.
Recoverin labeling in the developing rat retina
Recoverin is expressed by developing cells in the ventricular zone of the rat retina as early as embryonic day 16 (E16) (data not shown). Recoverin-labeled cells can be observed migrating toward the inner part of the retina at E18, as shown in Figure 1 . On E20, ϳ2 d before birth, recoverinpositive cells are already present in the presumptive ganglion cell layer. By P4, such neurons become more numerous, and by P10, the recoverin-labeled cells in the ganglion cell layer appear to be well differentiated. In many cases, dendritic and/or axonal processes could be seen to originate from particular somas, indicated by arrows in Figure 1 .
To assess the overall distribution of the recoverin-positive cells in the ganglion cell layer, we attempted to label the entire population of these neurons in P6 and P8 retinal whole mounts. Figure 2 (top) shows the location of every recoverin-positive cell in the ganglion cell layer in these two retinas. Note that such cells are scattered throughout all retinal quadrants, and that their density appears relatively uniform. A detailed count revealed that there were 2038 cells at P8, whereas there were 2222 in the P6 retina. This is more than twice the number estimated to be present in the mature retina.
The extensive dendritic processes of the recoverin-positive neurons could be observed in their entirety in these retinal whole mounts, as shown in the photomicrographs depicted in Figure 2 , bottom. In older retinas, recoverin-positive processes were less extensive and the soma sizes were significantly smaller. At P4, P6, and P8, the average soma sizes were 58.20 Ϯ 14.17, 58.24 Ϯ 10.94, and 59.27 Ϯ 12.6 m 2 (means Ϯ SD), respectively. By P10, the soma sizes were smaller, 48.67 Ϯ 8.74 m 2 , comparable with the adult size of 46.08 Ϯ 8.22 m 2 . The age-related differences were found to be statistically significant ( p Ͻ 0.01; one-way ANOVA). Additional analysis showed that there were no differences among ages P4, P6, and P8, nor was there a difference between P10 and adult retinas; however, there was a statistically significant difference between the P4 -P6 -P8 group and the P10 to adult group ( p Ͻ 0.01; Tukey test). 
Rhodopsin labeling of recoverin-positive cells
In the rat, photoreceptors are generated from approximately E16 to P5, with the majority of the rods developing after birth (Kuwabara and Weidman, 1974; CarterDawson and LaVail, 1979; Hinds and Hinds, 1979; Barnstable, 1981; Young, 1985) . Rhodopsin expression, a visual pigment specific to differentiated rods, does not occur until P1-P2 Watanabe and Raff, 1990) . Double-labeling developing retinas with antibodies against recoverin and rhodopsin revealed that some of the recoverinpositive cells outside the photoreceptor layer were rhodopsin-positive. Figure 3 depicts such double-labeled neurons at P0, P1, P3, and P7. At the youngest ages (P0 -P3), these cells were situated in the presumptive ganglion cell layer (i.e., in the innermost retinal layer). Several days later, virtually all of these neurons were eliminated from the ganglion cell layer, but a significant number of cells could now be visualized in the inner nuclear layer (Fig. 3, P7 panels) . Opsin-like immunoreactive cells have been noted previously in the inner nuclear layer of the developing rat retina (Barnstable, 1982; Araki et al., 1988) , but not in the ganglion cell layer.
The distribution of rhodopsin-positive cells within the inner nuclear layer at P20 is shown in Figure 4 , top. In the mature retina, all rhodopsin labeling is confined to the photoreceptor layer (Fig. 4, bottom) . Because rhodopsin-positive cells are eliminated from the ganglion cell layer a few days after birth, this means that such cells were not included in the distributions depicted in Figure 2 .
Identity of recoverin-positive cells in ganglion cell layer of adult retina
To determine whether the cells expressing recoverin in the ganglion cell layer of the mature retina might be ganglion cells, the optic nerve was transected at either P0 or P1. This manipulation causes a complete and rapid loss of retinal ganglion cells (Miller and Oberdorfer, 1981; Osborne and Perry, 1985; Beazley et al., 1987; Gü nhan-Agar et al., 2000) . Examples of recoverin-positive profiles in the ganglion cell layer of the normal adult retina and in an adult retina that sustained optic nerve transection at P0 are shown in Figure 5 . The morphological features and the incidence of such cells in normal retinas and those with early optic nerve sections were virtually identical. These results indicate that the recoverin-positive cells observed in the ganglion cell layer of the adult retina are not ganglion cells.
In retinal cross sections, the recoverin-positive cells in the ganglion cell layer appeared to have morphological features identical to those of bipolar cells. Note in the cells demarcated by arrows in Figure 5 the dense dendritic arbors of the recoverinpositive cells situated in the ganglion cell layer extending into the inner plexiform layer and in some cases the single axon stemming from the opposite pole of the soma. Moreover, axonal processes of some cells could be seen to make a sharp turn upward to innervate the inner plexiform layer (Figs. 5, 6, .
In an additional effort to establish the identity of these neurons, we also double-labeled retinas with recoverin and a variety of markers specific for different retinal cell types, including ChAT, VAChT, Thy1.1, vimentin, TH, calbindin, parvalbumin, G o , and PKC. Figure 6 depicts the resulting labeling patterns for four of these markers in conjunction with recoverin labeling. As can be seen, there was no evidence of cells double-labeled with recoverin and Thy1.1, vimentin, parvalbumin, or PKC. This was also the case for the five other cell-specific markers we used (data not shown). 
Discussion
In the present study, we provide evidence for the presence of two distinct subpopulations of ectopic neurons in the developing and mature rat retina that express the calcium-binding protein recoverin. In the adult retina, the anti-recoverin antibody labels photoreceptors and ON and OFF cone bipolar cells, as well as a smaller number of neurons in the ganglion cell layer. Here we show that these atypical cells are photoreceptors and cone bipolar cells. By labeling retinas from E16 through the early postnatal period, separated at 1 d intervals, we were able to visualize recoverin-positive profiles migrating from the outer to the inner retina. Such cells were observed to exit the germinative layer at E18, and by E20 they were found in the presumptive ganglion cell layer. Thus, most likely, the presence of these neurons outside their normal retinal layers reflects migration errors during early development.
To identify ectopic photoreceptors, we relied on double-labeling with antibodies against recoverin and rhodopsin. Recoverin/rhodopsin-positive profiles were apparent in the presumptive ganglion cell layer as early as P0, but 1 week after birth they were present only in the inner nuclear layer, and at maturity none were found outside the photoreceptor layer. A possible explanation for this sequence of events is that this contingent of photoreceptors fails to recognize a signal to stop migrating when these cells arrive at the photoreceptor layer. The early elimination of these photoreceptors from the ganglion cell layer, and their later demise from the inner nuclear layer probably reflects a failure of these cells to form functional synapses in the inappropriate retinal layers.
The other population of recoverin-positive cells in the ganglion cell layer survives to maturity. Several lines of evidence indicate that these are cone bipolar cells. First, these neurons are recoverin-positive, as is the case with ON and OFF cone bipolar cells. Second, their salient morphological features, consisting of a relatively small cell body with dendritic and axonal processes emanating from opposite poles of the soma, are identical to those of retinal bipolar cells. Third, these cells survived early transection of the optic nerve, a manipulation that induces a rapid loss of developing ganglion cells but does not have an impact on the survival of recoverin-expressing cone bipolar cells (Günhan-Agar et al., 2000) . Fourth, these recoverin-positive cells were not double-labeled with any of the 10 cell-specific markers we used, including Thy1.1 for ganglion cells (Beale and Osborne, 1982; Barnstable and Drager, 1984; Barres et al., 1988) , rhodopsin for photoreceptors Watanabe and Raff, 1990) , PKC for rod bipolar cells (Greferath et al., 1990) , calbindin for horizontal cells (Pochet et al., 1991; Mitchell et al., 1995) , vimentin for Müller cells (Okada et al., 1990) , G o for ON-cone bipolar cells (Vardi, 1998) , parvalbumin for AII amacrine cells (Endo et al., 1986; Wässle et al., 1993) , TH for dopaminergic amacrine cells (Oyster et al., 1985; Martin-Martinelli et al., 1989) , and ChAT (Eckenstein and Thoenen, 1982; Pourcho and Osman, 1986; Brandon, 1987; Wässle et al., 1987; Chun et al., 1988) and VAChT (Koulen, 1997) for cholinergic amacrine cells. At ϳ1 week after birth, the number of recoverin-positive cells in the ganglion cell layer was found to be Ͼ2000. In the mature retina, this number drops by Ͼ50%, to Ͻ1000. The long-term survival of such a sizable contingent of cone bipolar cells in the ganglion cell layer is intriguing, because it is generally assumed that ectopic cells must form functional connections to survive (Rakic, 1975 (Rakic, , 1988 .
What could be the functional significance of the surviving ectopic bipolar cells in the mature retina? One possibility is that they have formed synaptic connections appropriate for cone bipolar cells. This seems unlikely when one considers the inputs to these neurons. We never observed the dendrites of the recoverin-positive cells to extend into the outer plexiform layer, nor did we note exuberant photoreceptor processes projecting to the inner plexiform layer, as has been documented in the developing ferret retina (Johnson et al., 1999) . With respect to the axonal connections of the ectopic bipolar cells, in at least some cases, these could have made appropriate contacts with the dendrites of retinal ganglion cells. In cases in which ostensibly the full extent of the axonal process could be visualized, it appeared that the axon was directed into the inner plexiform layer, in which contacts with the dendrites of retinal ganglion cells could have been established. Whether such functional contacts play a role in the processing of visual information remains to be established. Given the sizable contingent of displaced bipolar cells identified in the present study and the presence of recoverinpositive cells in the human retina, this issue is certainly worth pursuing. 
